This is the firs report of treatment of cytomegalovirus infection with artesunate, for a stem cell transplant recipient with a newly identifie foscarnet-resistant and ganciclovirresistant DNA polymerase L776M mutation. Artesunate treatment resulted in a 1.7-2.1-log reduction in viral load by treatment day 7, with a viral half-life of 0.9-1.9 days, indicating a highly effective block in viral replication.
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Despite diagnostic and therapeutic advances, cytomegalovirus (CMV) infection has remained a significan complication after hematopoietic stem cell transplantation (HSCT). The widespread use of preemptive antiviral therapy has reduced the occurrence of early CMV infection; however, the development of late infection is increasingly recognized [1, 2] .
Major risk factors for late infection include haploidentical HSCT, graft-versus-host disease, and high-dose steroid treatment. Delayed immune reconstitution could allow for continued virus replication, with emergence of drug-resistant strains under drug pressure [1, 2] .
All currently available anti-CMV drugs-including ganciclo-vir, foscarnet, and cidofovir-target the viral DNA polymerase. Their use is limited because of toxicity, low oral bioavailability, and drug resistance. Ganciclovir resistance results mainly from mutations in the CMV UL97 kinase [3, 4] and, less frequently, from mutations in the viral DNA polymerase (pol). Foscarnetresistance and cidofovir-resistance mutations are found in the pol gene, and mutations that confer cross-resistance to multiple drugs have been reported [3] [4] [5] .
The epidemiological shift of CMV infection, requiring repeated and prolonged treatment courses, creates an increasing need for new antiviral drugs. The benzimidazole l-riboside maribavir, which targets the UL97 kinase, holds promise as an alternative treatment for infection [6] . Recently, the antimalaria drug artesunate was shown to be an effective inhibitor of human CMV infection in vitro [7] . Its antiviral activity was further demonstrated in a rat model of CMV infection [8] . Although its mechanism of action is not yet understood, the mechanism differs from that of the currently available drugs and may be mediated by inhibition of cellular activation pathways that play an essential role in virus replication [7, 8] . Importantly, the extensive use of artesunate in patients with malaria has not been associated with significan adverse effects. These finding raise the possibility that artesunate represents a safe therapeutic option for treatment of CMV infection. Here, we describe, to our knowledge, the firs clinical use of artesunate for the treatment of CMV infection in a patient who developed drug-resistant infection during preemptive antiviral therapy after HSCT.
Patient and methods. The patient is a 12-year-old boy with X-linked adrenoleukodystrophy who received haploidentical T cell-depleted hematopoietic stem cells from his father. The patient's conditioning regimen included fludarabine busulfex, antithymocytic globulin, and total body irradiation. Starting from day 15 after transplantation, CMV viremia was noted. The patient was treated with foscarnet (induction dose, 60 mg/kg 3 times per day) because of myelosuppression, which precluded ganciclovir therapy, with initial favorable virological response (see figu e 1 for the patient's detailed viral load measurements and treatment course). From day 119, a recurrent episode of CMV infection was noted, with continuous increase in viral load during preemptive foscarnet therapy (maintenance dose, 120 mg/kg/day, followed by an induction dose), accompanied by fever and myelosuppression. Bone marrow failure persisted despite the patient's receipt of a second stem cell transplant. Treatment attempts with ganciclovir (induction dose, 5 mg/kg 2 times per day) and cidofovir (5 mg/kg/week) combined with intravenous immunoglobulin were unsuccessful, and the viral DNA load increased to copies/mL. At this point, 6 1.15 ϫ 10 treatment with all conventional anti-CMV drugs was discontinued, and oral treatment with artesunate (100 mg/day; approved by the institutional ethics committee) was initiated on a compassionate basis. A favorable response was noted, with rapid reduction in viral load (figu e 1) and improved hematopoiesis within 10 days. No adverse effects developed during 30 days of treatment. There was no rebound of viremia for 76 days after completion of therapy. On day 346, 15 days after the patient received a third haploidentical transplant from his mother, he had a recurrent episode of viremia. A second treatment course with artesunate resulted in a rapid decrease in the peripheral blood viral load; however, CMV retinitis was subsequently diagnosed (day 378) during treatment. Combined treatment with systemic artesunate and intravitreal ganciclovir resulted in resolution of the retinitis, with sustained virological response (observed until day 665).
Quantificatio of CMV DNA. Viral DNA load in whole blood samples (genome copies per milliliter) was determined by real-time PCR assay, as described elsewhere [9] , with the use of primers and a probe derived from the CMV gB gene. The assay demonstrated a linear quantitation over a 6-log range, with a sensitivity of 50 copies/mL. The decay half-life ( ) of 1 T 2 CMV DNA load was calculated on the basis of the best-fi curve by use of the equation , where a is the growth constant (ln 2)/a [10] .
Amplificatio and sequencing of the CMV UL97 and pol genes. Direct PCR sequencing was performed, as described elsewhere [2] , by using overlapping primer pairs encompassing nucleotides 1207-1979 (UL97) and 900-3000 (pol). These regions include all of the known resistance mutations.
Marker transfer experiments.
To confi m the resistance phenotype of the observed pol mutation, it was transferred into the reference drug-sensitive strain T2211, which contains a secreted alkaline phosphatase reporter gene, as described elsewhere [5] . Antiviral drug susceptibility of the recombinant plaque-purifie virus was assayed by determining the drug concentration required to reduce the supernatant secreted alkaline phosphatase activity by 50% (IC50), with use of 13-25 replicate experiments per drug.
Results and discussion. With the improved survival after HSCT, change in immunosuppressive regimens, and longer antiviral drug exposure, drug resistance has become a growing problem in this context [1, 2, 11] . The consistent increase in viral load during foscarnet treatment in a high-risk patient after haploidentical T cell-depleted HSCT suggested the presence of resistant virus. Direct genotypic analysis revealed no mutations in the UL97 gene. Mixed wild-type and mutant pol gene viral populations containing the pol L776M amino acid substitution were found after cumulative foscarnet therapy for 116 days. L776M is located in the conserved region VI of pol, in proximity to mutations at codons 756, 781, and 787, which are known to be associated with foscarnet resistance [3, 4] . Indeed, recombinant phenotyping revealed a 3.5-fold and a 2.5-fold increase of the L776M mutant's IC50 for foscarnet and ganci-clovir, respectively, and no increase for cidofovir, confi ming the foscarnet-resistant and borderline ganciclovir-resistant phenotype of this new mutation. In cell culture, growth of the L776M mutant was slightly retarded, as was also observed with some other pol mutations [5] . However, the L776M variant persisted for 1100 days after cessation of foscarnet therapy, suggesting its in vivo stability.
Importantly, the institution of artesunate therapy resulted in a rapid decrease in viral load. Although there was no live clinical isolate available for in vitro susceptibility testing with artesunate, a 1.7-2.1-log reduction of the patient's viral load by day 7 was demonstrated in the repeated treatment courses. This extent of response was comparable to that observed during the patient's initial ganciclovir treatment (1-log reduction by day 7; figu e 1) and to the previously reported response to ganciclovir and foscarnet [10] . Furthermore, analysis of CMV load kinetics during artesunate treatment courses revealed a short viral decay ( , 0.9 -1.9 days), a range similar to that shown 1 T 2 during ganciclovir therapy [10] . Although the mechanism of artesunate antiviral activity is not yet understood, these consistent finding argue for a highly effective block of virus production and are in line with the reported in vitro results. Interestingly, frequent sampling during the firs artesunate treatment episode identified for the firs time, a biphasic CMV decline curve, where a firs phase of rapid decline ( , 0.9 days) 1 T 2 was followed by a slower decline phase ( , 8 days). On the 1 T 2 basis of detailed viral dynamics studies of hepatitis C and B viruses [12] , one could speculate that artesunate blocks 95%-99% of CMV virion production or release from infected cells; thus, the initial rapid decline corresponds to the clearance rate of free viral particles, whereas the second phase could represent the loss rate of infected cells.
In the patient described here, artesunate was well tolerated over prolonged treatment courses and induced a stable suppression of viral replication. In this regard, drug resistance is not expected to develop during artesunate therapy, because the proposed antiviral mechanism involves cellular rather than viral targets.
The development of retinitis during artesunate treatment could reflec limited penetration into the eye. Although artesunate has been shown to be effective in the treatment of cerebral malaria, implicating penetration into the CNS, higher oral doses may be required to achieve a local concentration above the IC50.
In conclusion, in this case, artesunate proved to be a highly effective inhibitor of CMV replication. Additional studies are needed to examine the role of artesunate in the treatment of CMV infection in transplant recipients. A clinical trial of preemptive artesunate treatment in HSCT recipients is currently under way at our center.
